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In Europe, Borrelia burgdorferi is transmitted by Ixodes ricinus to animals and human.
When infected and uninfected ticks co-feed on a host, spirochetes are transmitted from ticks
to animal and also to uninfected ticks. Here, we used uninfected ticks to co-feed with
infected ticks on mice to evaluate this method to detect early infection in mice. A total of 128
mice were challenged by infected nymphs placed in capsules glued on the back of the mice.
Three days later uninfected larvae were added in the capsule to co-feed with infected nymphs
and were examined for Borrelia infection after natural detachment. Infection in mice was
also determined by xenodiagnosis and by spirochete isolation from ear skin biopsy and back
skin biopsy taken at the tick attachment site one month after infection. A total of 111 mice
were found to be infected by at least one of these four methods. Borrelia infection was
observed in 95% of mice by the co-feeding method, in 92% of mice by xenodiagnosis, in
69% and in 68% of mice by cultivation of ear and back skin biopsies, respectively. Our
results demonstrate that the co-feeding method is a very sensitive method which can be used
to detect very early infection in mice infected by tick bites.
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In Europe, Borrelia burgdorferi sensu lato (sl) is
mainly transmitted by the tick Ixodes ricinus. Five
Borrelia species have been isolated from this tick: B.
burgdorferi sensu stricto (ss),B. garinii,B. afzelii,B.
valaisiana and B. lusitaniae (Gern et al., 1999).
Among them three are recognized as pathogenic for
humans: B. burgdorferi ss, B. garinii and B. afzelii.
In the laboratory, various methods are used to
determine B. burgdorferi sl infection in animals.
Direct detection of the pathogen in vertebrate hosts
consists inBorrelia cultivation,Borrelia observation
or DNA detection in host tissues (Morrison et al.,
1999; Limbach et al., 1999) or using xenodiagnosis
(Gern et al., 1997; Hu et al., 2001). In this case,
spirochetes are detected or isolated from uninfected
ticks after they have fed on infected animals. Indirect
detection of infection is done by immunological
tests. These tests are dependent on their specificity
and/or sensitivity (Schaible et al., 1991; Kurtenbach
et al., 1994). All these methods request general-
ization of the infection and therefore request time
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before infection can be detected. In fact, analysis of
the infection in animals after infected tick bite
showed that Borrelia did not immediately dissemi-
nate from the inoculation site and remained loca-
lized (Shih et al., 1992; Gern and Rais, 1996).
When infected I. ricinus ticks feed on a vertebrate
host, within 24 hours after the onset of the blood
meal, B. burgdorferi sl spirochetes may be transmit-
ted into the animal skin through saliva (Kahl et al.,
1998; Crippa et al., 2002). It was demonstrated that
as infected I. ricinus ticks and uninfected ticks co-
feed at the same site on hosts, spirochetes are
transmitted not only from ticks to animal but from
infected ticks to uninfected ticks as well (Gern and
Rais, 1996; Richter et al., 2002). In our study, we
used uninfected ticks to co-feed with infectious ticks
on laboratory mice in order to evaluate this method
to detect early infection in mice.
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Ticks used to infect mice were field collected. B. burgdor-
feri infection rate in collected tickswas evaluated using the
immunofluorescence (IF) test and Borrelia isolation as
described below. I. ricinus xenodiagnostic ticks (larvae)
used in this experimentwere froma laboratory colony free
of spirochetes maintained at the Institut de Zoologie,
University of Neucha√tel (Switzerland) (Graf, 1978). Eight
weeks old Balb/C female mice (IFFA CREDO, 69592
L'Arbresle Cedex France) were used.
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To infect mice, infected nymphs were placed in a capsule
glued on the back of the mice as described byMbow et al.
(1994). Four methods were used to detect Borrelia
infection inmice: 1) by co-feeding tickswhich fed together
with infected nymphs. Thirty uninfected larvae were
added in the capsule three days after attachment of
nymphs and allowed to feed together with infected
nymphs. Then engorged co-feeding larvae were prepared
for detection ofBorrelia infection1week after detachment
(see below); 2) by a xenodiagnosis performed with 50
uninfected larvae placed on the head of each mouse. The
derived nymphs were examined for Borrelia infection as
described below; 3) by isolation of spirochetes from ear
skin biopsy; and 4) by isolation of spirochetes from back
skin biopsy taken at the tick inoculation site. The last three
methods were performed onemonth after infected nymph
detachment. Mice were anaesthetized as described by
Mbowet al. (1994).After cleaning ear andbackwith 70%
ethanol, the skin samples from ear and back were put
individually into culture tubes containing 4 ml of supple-
mented BSK medium as described by Sinsky and Piesman
(1989).
Each tick was cut into two pieces. One half was
examined by immunofluorescence using a fluorescein
isothiocyanate-conjugated polyclonal antibody which
was prepared from a pool of Lyme borreliosis patient
sera and which detects all Borrelia species (Gern et al.,
1999). The other half was used for Borrelia isolation. The
halved tick was placed in a culture tube containing BSK
medium (Sinsky and Piesman, 1989), incubated at 34 C
and examined by dark-field microscopy every 10 days for
2 months.
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Polymerase chain reaction (PCR) amplification and restric-
tion fragment length polymorphism (RFLP) analysis were
used to characterizeBorrelia isolates and to detect Borrelia
DNA in ungrown culture tubes (Postic et al., 1994). The
variable intergenic spacer between tandemly repeated 23S
(rrl) 5S (rrf) ribosomalgenesofB.burgdorferi slwasused
as a template for amplification. The pellet from 1 ml initial
culture containing spirochetes detected by dark-field mi-
croscopy and from4 ml initial culture containing no visible
spirochetes were prepared for PCR assay as described by
Humair et al. (1999). The PCR products were analyzed by
the RFLP technique usingMseI restriction endonuclease to
identify the genospecies of B. burgdorferi isolates (Postic
et al., 1994). All Borrelia isolates obtained from ticks and
mouse tissueswere characterized using PCR/RFLP.Culture
tubes containing biopsies from mice were all screened for
the presence of Borrelia DNA by PCR/RFLP even if no
spirochetes were visible.
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The Fischer' s exact test was used to compare the different
methods for the detection of Borrelia infection in mice. To
account for multiple tests the Bonferroni correction was
applied and p values0.0125 were considered significant.
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The evaluation of B. burgdorferi infection rate of
nymphs was performed in a subset of 135 collected
nymphs: 32/135 ticks (23%) were found infected by
IF and Borrelia isolation. Twenty four Borrelia
isolates were obtained and characterized as B.
burgdorferi ss (1/24), B. garinii (6/24), B. afzelii
(16/24) and B. valaisiana (1/24). To infect the mice
(n 128), fourteen nymphs (infection rate 23%)
were placed in capsule on the back of each mouse.
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Borrelia infection was found in 111/128 mice by at
least one of the four methods. We detected infection
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in 105/111 (95%) using the co-feeding method and
102/111 (92%) using xenodiagnosis (Table 1). No
significant difference was observed between the two
detectionmethods (p 0.60).Borrelia infectionwas
detected by both IF and isolation in ticks fed on 77
mice, by IF only in ticks fed on 12 mice and by
isolation only in ticks fed on 16 mice (Table 1).
Isolates were obtained from co-feeding ticks fed on
93/105 mice (88.6%, Table 2). B. afzelii was the
most frequent isolated species followed by B. garinii
(Table 2). In addition, Borrelia species transmitted
to co-feeding ticks by 10 mice could not be
characterized (PCR amplification was unsuccessful)
although these isolates grew in culture (Table 2).
Borrelia infection was detected by IF in xeno-
diagnostic ticks fed on 95/102 mice (93%) (Ta-
ble 1). Isolates were obtained from xenodiagnostic
ticks fed on 65/76 mice (86%, Table 2). Most mice
transmitted B. afzelii to xenodiagnostic ticks,
followed by B. garinii (Table 2). In addition, one
mouse transmitted Borrelia sp to xenodiagnostic
ticks which could not be characterized (PCR
amplification was unsuccessful) although Borrelia
grew in culture.
Detection of mouse infection by biopsies showed
that more isolates were obtained from ear skin
biopsies (n 41) than from back skin biopsies taken
at the tick inoculation site (thereafter mentioned as
back skin biopsy) (n 18, p 0.00025) (Table 1).
Comparison of isolation of Borrelia from ticks with
that from host tissues showed a higher isolation rate
from co-feeding ticks than from ear (p 1.45
107) or back skin biopsies (p 2.2 1016), and a
higher isolation rate from xenodiagnostic ticks than
from ear (p 1.94 105) or back skin biopsies (p
7.78 1015).
Considering the low isolation rates obtained with
mouse tissues (Table 1), we analyzed cultures of
ungrown Borrelia by PCR for Borrelia DNA: 75
cultures of ear biopsies and 97 cultures of back skin
biopsies were analyzed by PCR. Borrelia DNAwas
detected in 36/75 (48%) tubes inoculated with ear
biopsies and in 57/97 (58%) culture tubes contain-
ing back skin biopsies (Table 1). Thus, using PCR,
the success of detection of Borrelia infection in mice
increased from 41/111 (37%) to 77/111 (69%) for
ear biopsies and from 18/111 (16%) to 75/111
(68%) for back skin biopsies. Using PCR, there was
 $! Detection of Borrelia infection in mice (n 111) using four methods.
Method Co-feeding ticks Xenodiagnostic ticks Ear biopsy Back skin biopsy
IF culture1 IF Culture1 IF culture1 IF Culture1,2 Culture1 DNA
detection3
Culture1 DNA
detection3
Number of infected mice 77 12 16 58 37 7 41 36 18 57
Total 105 102 77 75
1 Tubes with grown spirochetes
2 Borrelia isolation from xenodiagnostic ticks was performed only in 76/111 infected mice.
3 Tubes with ungrown spirochetes
 %! Characterisation of Borrelia isolates obtained from co-feeding ticks, xenodiagnostic ticks and mouse tissue biopsies.
Borrelia sp Co-feeding ticks Xenodiagnostic ticks Ear skin biopsy Back skin biopsy
Culture1 Culture1 Culture1 DNA
detection2
Culture1 DNA
detection2
B. garinii 8 5 7 2 5 11
B. afzelii 61 54 31 34 11 45
B. burgdorferi 1 0 3 0 1 0
B. valaisiana 1 0 0 0 0 0
B. gariniiB. afzelii 7 4 0 0 0 1
B. burgdorferiB. afzelii 5 1 0 0 0 0
Untypeable 10 1 0 0 1 0
Total 93 65 77 75
1 Tubes with grown spirochetes
2 Tubes with ungrown spirochetes
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no more significant difference between Borrelia
infection detected by ear biopsy and by back skin
biopsies (75/111, 68%) (p 0.89). However, a
higher detection rate of infection in mice was
obtained from co-feeding ticks than from ear
biopsies (p 1.02 106) or fromback skin biopsies
(p 2.45 107), and from xenodiagnostic ticks
than fromear biopsies (p3.07 105) or back skin
biopsies (p 8.72106).
B. afzelii and B. garinii were both detected in
mouse cultures of ear and back skin biopsies. There
was no significant difference between the two
Borrelia species in ear and back skin, respectively.
B. burgdorferi ss was detected in three culture tubes
with ear biopsies andone culture tubewithback skin
biopsy (Table 2). Only one mixture of B. afzelii and
B. garinii DNA was detected in a culture tube
containing back skin biopsies.
Globally, in this experience the Borrelia species
infecting 107/111 mice were identified: 79 mice
(74%) were infected by one species which was
identified in ticks or/and in mouse tissue. The
remaining 28 mice (26%) were infected by more
than one species. In only 4/111 infected mice the
Borrelia species could not be determined. There was
a good correlation between the Borrelia species
observed in co-feeding ticks and those found in
mouse tissues or xenodiagnostic ticks. In fact, in 78/
83 (93%) mice the Borrelia species in co-feeding
ticks was the same as the ones identified in mouse
tissues or xenodiagnostic ticks.
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The most important finding of this study is that
Borrelia infection in mice infected through I. ricinus
tick bites can be detected very early, i.e. 3 ± 4 days
after the infectious blood meal. In fact, a co-feeding
transmission occurred between infected ticks and
uninfected ticks allowing very early detection of
infection in 95% of infected mice, in the week
following the infectious tick blood meal. The
identification of Borrelia species in co-feeding ticks
correlated well (93%) with the Borrelia species
identified inmice as detected by tissue biopsies or by
xenodiagnosis.
Co-feeding transmission of Borrelia has been
described for B. burgdorferi ss in I. ricinus (Gern
andRais, 1996),B. afzelii in I. ricinus (Richter et al.,
2002), B. burgdorferi ss in I. scapularis (Patrican,
1997; Piesman and Happ, 2001) and B. garinii in I.
persulcatus (Sato and Nakao, 1997). Here, B.
burgdorferi ss, B. afzelii and B. garinii were identi-
fied in co-feeding I. ricinus ticks fed on mice.
However, since co-feeding ticks were examined for
Borrelia infection as fed ticks it is not known
whether these three Borrelia species can survive the
moult after a blood-meal on mice. Further studies
are needed to answer this question.B. valaisianawas
detected in co-feeding ticks in one mouse, but not in
mouse tissues or in xenodiagnostic ticks. Apparent-
ly, B. valaisiana was unable to survive in the mouse
which could be explained by the fact that this
Borrelia species has been found in nature associated
with birds and never with rodents (Humair et al.,
1998; Kurtenbach et al., 1998).
Xenodiagnosis allowed to detect infection in 92%
of infected mice one month after bites by infected
ticks. This method is as sensitive as the detection of
infection by co-feeding ticks but can be used only
when infection has disseminated and has been
established in the host that is about one month after
the infectious tickbloodmeal (GernandRais, 1996).
Classicalmethods to detect infection in laboratory
animals by isolation of B. burgdorferi sl from host
tissue were also used: 37% of infection in mice were
observed by isolation from ear biopsy samples and
16% fromback skin biopsy samples taken at the tick
inoculation site. This demonstrates that B. burgdor-
feri sl detection by Borrelia isolation from back skin
biopsies taken at the tick inoculation site is less
efficient than from ear biopsies. It is known that the
success of Borrelia isolation may depend on the
number of spirochetes inoculated in culture tubes
(Gern et al. 1999; Hu et al., 2001). Here we could
not observe whether the tick inoculation site (back
skin biopsy)was infected by less spirochetes than the
ear since no histological analysis or quantitative
PCR was done on mouse tissues. However, we
observed that it was easier to obtainBorrelia isolates
from ear biopsies than from back skin biopsies.
Using PCR assays, Borrelia DNA was detected in
culture medium containing host tissues and this
increased the success ofBorreliadetection from37%
to 69% for ear biopsies and from 16% to 68% for
back skin biopsies. The difference in success of
isolation between ear biopsy and back skin biopsy
may reflect the adaptation of spirochetes to verte-
brate host tissue: spirochetes isolated fromback skin
are in the host for a few hours whereas spirochetes
from ear biopsy had time to disseminate. This shows
the importance of using PCR on culture medium
containing host tissues when no grown spirochetes
are observed. Isolation of B. burgdorferi sl from ear
tissue appears, here, less sensitive (37%), than
described for B. burgdorferi ss by Sinsky and Pies-
man (1989)who described an isolation rate from ear
biopsy ranging from92% to 100%.This is probably
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due to the Borrelia species isolated from mouse
tissue in the BSK medium. In fact the only species
which did not benefit from the use of the PCR in our
study was B. burgdorferi ss. In fact B. burgdorferi ss
was always easily cultured fromhost tissueswhereas
B. afzelii was the species which was the most often
detected by PCR and which appeared as the more
difficult to isolate from host skin. Humair et al.
(1999) also had difficulties to isolate B. afzelii from
rodent skin (8.3% ± 27.6%) whereas isolation from
xenodiagnostic ticks was higher (44% ± 51.4%).
The reason for this remains unknown.
In conclusion, we demonstrated that Borrelia
infections in mice can be detected very early by co-
feeding ticks. This method appears more rapid and
effective than the other methods used in our study to
detect B. afzelii, B. garinii and B. burgdorferi ss
infections. It could be used to obtain early results on
the infection status of mice in laboratory studies, for
example by investigating the success of early treat-
ment with antibiotics or in vaccination trials under
the natural infection route through tick bites.
Acknowledgements.We would like to thank Olivier Rais
for his valuable technical help. This work was financially
supported by GlaxoSmithKline Biologicals. The Swiss
National Science Foundation (32 ± 57098.99) supported
one of the authors (J.-L. Perret).
#	
Crippa, M., Rais, O., Gern, L.: Investigation of the mode
and dynamics of transmission and infectivity of
Borrelia burgdorferi ss and Borrelia afzelii in Ixodes
ricinus ticks. Vector-Borne Zoonosis Disease 2, 3 ± 11
(2002).
Gern, L., Rais, O.: Efficient transmission of Borrelia
burgdorferi between cofeeding Ixodes ricinus ticks
(Acari: Ixodidae). J. Med. Entomol. 33, 189 ± 192
(1996).
Gern, L., Hu, C. M., Kocianova, E., Vyrostekova, V.,
Rehacek, J.: Genetic diversity of Borrelia burgdorferi
senso lato isolates obtained from Ixodes ricinus ticks
collected in Slovakia. Eur. J. Epidemiol. 15, 665 ± 669
(1999).
Gern, L., Hu, C. M., Voet, P., Hauser, P., Lobet, Y.:
Immunization with a polyvalent OspA vaccine pro-
tects mice against Ixodes ricinus tick bites infected by
Borrelia burgdorferi ss, Borrelia garinii and Borrelia
afzelii. Vaccine 15, 1551 ± 1557 (1997).
Graf, J. F.: Copulation, nutrition et ponte chez Ixodes
ricinus L. (Ixodoidea: Ixodidae), 1er partie. Bull. Soc.
Entomol. Suisse 51, 89 ± 97 (1978).
Hu, C. M., Wilske, B., Fingerle, V., Lobet, Y., Gern, L.:
Transmission of Borrelia garinii OspA serotype 4 to
BALB/c mice by Ixodes ricinus ticks collected in the
field. J. Clin. Microbiol. 39, 1169 ± 1171 (2001).
Humair, P. F., Rais, O., Gern, L.: Transmission of
Borrelia afzelii from Apodemus mice and Clethrion-
omys voles to Ixodes ricinus ticks: Differential
transmission pattern and overwintering maintenance.
Parasitology 118, 33 ± 42 (1999).
Humair, P. F., Postic, D., Wallich, R., Gern, L.: An avian
reservoir (Turdus merula) of the Lyme borreliosis
spirochetes. Zentbl. Bakteriol. 287, 521 ± 538 (1998).
Kahl, O., Janetzki-Mittmann, C., Gray, J. S., Jonas, R.,
Stein, J., de Boer, R.: Risk of infection with Borrelia
burgdorferi senso lato for a host in relation to the
duration of nymphal Ixodes ricinus feeding and the
method of tick removal. Zentbl. Bakteriol. 287, 41 ±
52 (1998).
Kurtenbach, K., Dizij, A., Maier, W. A., Steitz, H. M.,
Schaal, K. P., Moter, S. E., Kramer, M. D., Wallich,
R., Schaible, U. E., Simon, M. M.: Immune responses
in wild rodents to Borrelia burgdorferi and to Ixodes
ricinus. Appl. Parasitol. 35, 148 ± 155 (1994).
Kurtenbach, K., Peacey, M., Rijpkema, S. G. T., Hood-
less, A. N., Nuttall, P., Randolph, S.: Differential
transmission of the genospecies of Borrela burgdorferi
sensu lato by game birds and small rodents in
England. Appl. Environ. Microbiol. 64, 1169 ± 1174
(1998).
Limbach, F. X., Jaulhac, B., Piemont, Y., Kuntz, J. L.,
Monteil, H., Sibilia, J.: One-step reverse transcriptase
PCR method for detection of Borrelia burgdorferi
mRNA in mouse Lyme arthritis tissue samples. J.
Clin. Microbiol. 37, 2037 ± 2039 (1999).
Mbow, M. L., Christe, M., Rutti, B., Brossard, M.:
Absence of acquired resistance to nymphal Ixodes
ricinus ticks in BALB/c mice developing cutaneous
reactions. J. Parasitol. 80, 81 ± 87 (1994).
Morrison, T. B., Ma, Y., Weis, J. H., Weis, J. J.: Rapid
and sensitive quantification of Borrelia burgdorferi
infected mouse tissues by continuous fluorescent
monitoring of PCR. J. Clin. Microbiol. 37, 987 ±
992 (1999).
Patrican, L. A.: Acquisition of Lyme disease spirochetes
by cofeeding Ixodes scapularis ticks. Am. J. Trop.
Med. Hyg. 57, 589 ± 593 (1997).
Piesman, J., Happ, C. M.: The efficacy of co-feeding as a
means of maintaining Borrelia burgdorferi: a north
american model system. J, Vector Ecol, 26, 216 ± 220
(2001).
Postic, D., Assous, M. V., Grimont, P. A. D., Baranton,
G.: Diversity of Borrelia burgdorferi sensu lato
evidenced by restriction fragment length polymorph-
ism of rrf (5S)-rrl (23S) intergenic spacer amplicons.
Int. J. Syst. Bacteriol. 44, 743 ± 752 (1994).
Richter, D., Allgˆwer, R., Matuschka, F. R.: Co-feeding
transmission and its contribution to the perpetuation
of the Lyme disease spirochete Borrelia afzelii. Emerg.
Infect. Dis. 8, 1421 ± 1425 (2002).
Sato, Y., Nakao, M.: Transmission of the Lyme disease
spirochete, Borrelia garinii, between infected and
5
uninfected immature Ixodes persulcatus during co-
feeding on mice. J. Parasitol. 83, 547 ± 550 (1997).
Schaible, U. E., Wallich, R., Kramer, M. D., Museteanu,
C., Simon, M. M. A.: A mouse model for Borrelia
burgdorferi infection: Pathogenesis, Immune response
and Protection. Behring Inst. Mitt. 88, 59 ± 67 (1991).
Shih, C. M., Pollack, R. J., Telford III, S. R., Spielman,
A.: Delayed dissemination of Lyme disease spirochetes
from the site of deposition in the skin of mice. J.
Infect. Dis. 166, 827 ± 831 (1992).
Sinsky, R. J., Piesman, J.: Ear punch biopsy method for
detection and isolation of Borrelia burgdorferi from
rodents. J. Clin. Microbiol. 27, 1723 ± 1727 (1989).
6
